Obesity is a condition of abnormal adipose tissue storage and recently it has been recognized as a major factor in metabolic syndrome. High-fat diet-induced obesity in the C57BL/6 mouse is an important animal model because of its similarities with human obesity. The aim of the present study was to estimate obesity, liver injury and steatohepatitis, and the distribution of inducible nitric oxide synthase (iNOS) in mice with high-fat diet induced obesity. Three-week-old male C57BL/6J mice were fed either a high-fat diet (D-60: 60 kcal% fat, or D-45: 45 kcal% fat) or a normal diet (D-10: 10 kcal% fat) for 15 weeks. Oral glucose tolerance tests and intraperitoneal glucose tolerance tests showed that the D-60 mice had severely impaired glucose tolerance. In serum chemistry values and histopathological lesions, the D-60 group showed severe steatohepatitis. A distinct positive signal for iNOS was detected by immunohistochemistry in the cytoplasm of hepatocytes around the central vein in the D-45 and D-60 groups. Serum insulin levels and insulin immunohistochemistry in the pancreas showed pancreatic injury and insulin resistance in the D-60 group. We observed the presence of more iNOS in the high-fat diet-induced obese mouse, which has characteristics of nonalcoholic steatohepatitis (NASH) and diabetes, and expect that these background pathological data will be useful in research on obesity, diabetes mellitus, and non-alcoholic fatty liver disease.
Introduction
Obesity is a condition of abnormal adipose tissue storage and recently it has been recognized as a major factor in metabolic syndrome, and is related to hypertension, hyperlipidemia, stroke, fatty liver, and diabetes mellitus [15, 26] . Various animal models of obesity exist. For example, the Lepr db mouse, which is characterized by obesity, ketoacidosis, and hyperglycemia, and the Lep db , yellow, NZO mouse, which is characterized by obesity, hyperinsulinemia, and insulin resistance [35] . However, these models are based on monogenic disorders of little relevance to human obesity or diabetes. On the other hand, high-fat diet-induced obesity in the C57BL/6 mouse is an important animal model because of its similarities with human obesity [9, 35, 40] . Non-alcoholic fatty liver disease (NAFLD) represents a spectrum of liver diseases encompassing steatosis (fatty change), non-alcoholic steatohepatitis (NASH), and cirrhosis in the absence of alcohol abuse [3] . Recent -Original-studies have shown that NAFLD is strongly associated with obesity, dyslipidemia, and type II diabetes mellitus [31] [32] [33] . A diagnosis of NASH is made after findings of combination of steatosis, hepatocyte injury and necrosis, mixed inflammatory infiltration and variable degrees of fibrosis shown histopathologically [25] . The pathogenesis of NASH remains unclear but it has recently been suggested that excessive intrahepatic lipid accumulation may trigger local inflammatory responses [1, 3, 23] .
Nitric oxide (NO) is the enzymatic product of a group of hemoproteins collectively known as NO synthase (NOS) that catalyze the oxidation of one of the guanidino groups of L-arginine, giving rise to equimolar amounts of citrulline and NO. Of the three isoforms of NOS, inducible NO synthase (iNOS), also designated NOS2 is the most strongly associated with antimicrobial activity [7] . Also, iNOS is assumed to be one of the mediators of inflammation-involved insulin resistance [12] . From a functional perspective, it is important to recognize the induction and distribution of iNOS in steatohepatitis. However, whether iNOS is expressed in livers with steatohepatitis is still unclear. The objective of this study was, therefore, to investigate immunohistochemically the presence and distribution of iNOS in the tissues of mouse livers with high fat-induced steatohepatitis, and throw further light on the pathogenesis of NASH to better understand the relationship between steatosis, inflammation, and insulin resistance.
Materials and Methods

Animals
A total of 45 male 3-week-old C57BL/6J mice were purchased from Orient Bio Inc. (Gyeonggi-Do, Korea). One week after arrival, the mice were divided into three groups based on diet. The mice were fed either a highfat diet (D-60 group: 60 kcal% fat, D12492, Research Diet Inc., New Brunswick, NJ, USA; or D-45 group: 45 kcal% fat, D12451, Research Diet Inc.) or a normal diet (D-10 group: 10 kcal% fat, D12450B, Research Diet Inc.) for 18 weeks. All mice were housed in polycarbonate cages in a room maintained at 21 ± 2°C with a relative humidity of 50 ± 5%. Ventilation was set at 10-20 changes per hour. The room was lighted automatically from 07:00 h to 19:00 h. The animals were allowed free access to reverse-osmosis filtered, UV-treated, chlorinated tap water. Noise and ammonia were below 60 dB and 20 ppm, respectively. The experiments were conducted in accordance with the Institutional Animal Care and Use Committee (IACUC) of Seoul National University.
Glucose tolerance tests
After 15 weeks, when the animals were 18 weeks of age, we performed an oral glucose tolerance test (OGTT) and intraperitoneal glucose tolerance test (IPGTT). The mice were fasted for 16 h, and their body weights were measured for the conversion glucose dose. Glucose dosing was performed using a 1ml syringe and feeding needle. Blood was drawn from the tail vein and the blood glucose was measured using a glucose meter (Accu-CHEK Sensor, Roche Diagnostic Corp., Indianapolis, IN, USA) at 0, 30, 60, 90, and 120 min after the oral and i.p. injection of glucose (2 g/kg body weight). In the IPGTT, glucose was also measured at 150 min.
Organ weight, serum chemistry
After 15 weeks, the animals were sacrificed with an overdose of CO 2 . Blood was collected from the heart, and centrifuged at 3,000 rpm for 15 min at 4°C. Serum chemistry for aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol, triglycerides (TG), high density lipoprotein (HDL-C), low density lipoprotein (LDL-C), phospholipids and free fatty acid (NEFA) was analyzed by an automatic chemistry analyzer (Hitachi 7180, Hitachi Co., Ltd., Tokyo, Japan). In the analysis of AST, ALT, total cholesterol, phospholipids and NEFA, Wako reagents (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were used, and for the HDL-C and LDL-C, Sekisui reagents were used (Sekisui Chemical Co., Ltd., Osaka, Japan). The liver weight, and fat pad weight (sum of epididymal fat and retroperitoneal fat) were also measured.
Serum insulin level
Insulin levels in the mouse serum were assessed in duplicate using an ELISA kit (Mouse Insulin ELISA TMB Kit; Shibayagi Co., Ltd., Gunma, Japan). The insulin level in the serum was determined according to the manufacturer's instructions. A standard curve was prepared ranging between 0.125 and 3 ng/ml. The insulin concentration was calculated from this standard curve.
Liver histology
Livers were fixed in 10% buffered formalin and embedded in paraffin, cut at a thickness of 5 µm on a microtome, placed on slides and stained with hematoxylin and eosin. Each section was then scored for inflammation and fibrosis separately by a Board-certified toxicologic pathologist according to the published criteria [7, 25, 28] . For steatosis: up to 25% steatosis (score 1); 26 to 50% steatosis (score 2); 51 to 75% (score 3); more than 76% steatosis (score 4). For inflammatory grade: focal collection of mononuclear cells (score 1); diffuse infiltrates of mononuclear cells (score 2); focal collection of polymorphonuclear cells (score 3); diffuse infiltrates of polymorphonuclear cell (score 4).
iNOS immunohistochemistry in the liver
Liver tissues were sectioned at 5 µm, and mounted on poly-L-lysine coated slides. The sections were routinely dewaxed and rehydrated. Endogenous peroxidase was quenched with 3% hydrogen peroxide for 10 min at room temperature. Slides were washed with distilled water for 5 min and placed in plastic Coplin jars containing sodium citrate buffer (pH 6.0). The jars were covered with screw caps and heated in a domestic microwave oven at the highest setting (800 W) for 30 min. The heating time was divided into three cycles with an interval of 5 min between cycles to check on the fluid level in the jars. After heating, the Coplin jars were removed from the oven and allowed to cool for 15 min. Rabbit polyclonal iNOS antibody (AB Cam, Cambridge, MA, USA) was diluted 1:200 in antibody diluents (Dako, Glostrup, Denmark). The slides were incubated with antibody overnight at 4°C in a humid chamber. After three washes with 0.1% Tween 20 in Tris buffer (pH 7.4), the sections were flooded with dextran polymer (Envision kit, Dako) and incubated for 30 min at room temperature. The sections were then washed three times with Tris buffer (pH 7.4). The final reaction was produced by immersing the sections in a solution of 3,3'-diaminobenzidine (DAB) for 1 min at room temperature.
The sections were lightly counterstained with Real Hematoxylin (Dako) and blued in 0.2% ammonia water.
Morphometric image analysis
For morphometric analysis of the iNOS, three fields from each liver were captured by digital camera (TDI Digicam HQ, Seoul, Korea). Image J software (National Institutes of Health, Bethesda, MD, USA) was used for computerized quantification of the immunostained area. Automatic detection of DAB reactions was performed using a colorimetric approach. DAB positive pixels were selectively detected using the "threshold color function." For the intensity of the DAB positive pixel, gray density (0: white; 255: black) was also measured for the whole image.
Insulin immunohistochemistry in the pancreas
The immunohistochemistry method used for the pancreas was similar to the iNOS immunohistochemistry described above. The primary antibody was guinea pig anti-insulin antibody (Dako), and antigen retrieval was not performed.
Statistical analysis
Results are presented as the mean and SD. Data were analyzed by one-way analysis of variance (ANOVA) incorporating Bartlett's test for homogeneity of variance. Where variances were found to be homogenous, pairwise comparisons were conducted using Dunnett's test. Where Bartlett's test found unequal variances among group data, the affected parameters were analyzed using non-parametric Kruskal-Wallis and Dunn's test. The semi-quantitative liver score was also analyzed using a non-parametric test. GraphPad Prism® Version 4.03 (GraphPad Software, San Diego, CA, USA) was used for all statistical analyses.
Results
Body weight and organ weight
The body weight curve is shown in Table 1 In absolute organ weight, the liver and fat pad weighed more in the D-60 and D-45 groups than the D-10 group (P<0.05) ( Table 1) . Figure 2 shows the OGTT and IPGTT results obtained in this study. The blood glucose level in all mice increased for 30 min after oral or intraperitoneal glucose administration and then declined to basal values. For both tests, the glucose level of the D-60 group was significantly higher than that of the D-10 group before the dose and 30, 60, 90, and 120 min after the dose (P<0.01). Also in both tests, the impaired glucose tolerance was more severe in the D-60 group than in the D-45 group. In the IPGTT, the glucose level of the D-45 group was also significantly higher than that of the D-10 group before the dose and 30, 60, 90, and 120 min after the dose (P<0.05).
Glucose tolerance tests
Serum chemistry and insulin level
We found that the serum ALT level was increased 4-fold in the D-60 group (P<0.001) compared to the D-45 and D-10 groups. AST, total cholesterol, TG and LDL-C, NEFA and phospholipid levels were also higher in the D-60 group (P<0.05) than in the D-45 and D-10 groups, but HDL-C was not significantly different among the groups and LDL-C showed no correlation with diet fat contents ( Table 2) .
ELISA of serum insulin levels indicated that the insulin level was 0.76 ± 0.27 ng/ml in the D-10 group, 1.30 ± 0.55 ng/ml in the D-45 group and 2.54 ± 0.99 ng/ml in the D-60 group. Serum insulin was present at significantly higher levels (P<0.01) in the D-60 group than in the D-10 group (Table 2) .
Histopathology
Severe centrilobular to diffuse fatty change (steatosis) in the liver was observed in the high-fat diet groups. At higher magnification, mixed cytoplasmic microvacuolation and macrovacuolation were observed in hepatocytes from the D-60 and D-45 groups. Microvacuole infiltration in the hepatocytes was more severe in the D-60 group than in the D-45 group. In addition, inflammatory cell infiltration was observed in the D-45 group and the D-60 group. Inflammatory cells mainly consist of polymorphonuclear neutrophils and mononuclear cells. Sometimes focal necrosis, perisinusoidal and portal fibrosis, and severe hepatocellullar ballooning were observed in the D-45 and D-60 groups. In the semi-quantitative analyses of steatosis and inflammatory grade, the scores of the D-45 and D-60 groups were significantly higher (P<0.01) than those of the D-10 group (Fig. 3) .
iNOS immunohistochemistry A distinct positive signal for iNOS was detected in the cytoplasm of hepatocytes around the central vein in the D-45 and D-60 groups (Fig. 4) . The signal was observed primarily in the area of vacuolation. The signal was stronger in the vacuolated hepatocytes and macrophages than in the normal hepatocytes. iNOS was also detected in hepatocytes from the D-10 group, but to a lesser extent than in the other groups. In the morphometric image analyses, the iNOS stained area of the D-10 group was 67,884 ± 24,340 µm 
Insulin immunohistochemistry in the pancreas
We performed insulin immunohistochemistry in the pancreas and evaluated beta cell and endocrine injury. We found that 11 of 15 pancreata from the D-60 group and 4 of 15 pancreata from the D-45 group were injured. These injured pancreata had increasingly irregular islet boundaries, leading to the appearance of endocrine cell projections into the surrounding exocrine tissue, and insulin staining was reduced (Fig. 5) . Injured islets were not observed in the D-10 group.
Discussion
In this study, we evaluated the baseline pathological data of mice fed a high-fat diet as a model of obesity, NASH and type 2 diabetes, and immunohistochemically investigated the presence and distribution of iNOS in the tissues of mouse livers with high fat-induced steatohepatitis.
In the OGTT and IPGTT, we confirmed impaired glucose tolerance in the high fat groups, particularly the D-60 group. The D-60 group also had increased termi- nal body weight and liver and fat pad weights compared to the D-10 group. ALT is a leakage enzyme, reflecting cell membrane function, with the highest concentrations in mice found in the liver. AST is a leakage enzyme associated with both the cytosol and mitochondria in mice. Despite their widespread tissue distribution, ALT and AST are useful markers for measuring hepatocellular damage [21] . We found that both AST and ALT were increased in the D-60 group. Thus, we assume that the high-fat diet induced liver damage, increasing the AST and ALT levels and histopathologcal lesions.
In this study, TG and total cholesterol, phospholipids and NEFA were increased in the D-60 group, but HDL-C was not significantly changed, and LDL-C showed no observed in correlation with diet fat contents. In general, obesity, atherosclerosis or lipidemia has been shown to be associated with increased total cholesterol and LDL-C, and decreased HDL-C in human. Total cholesterol in different strains of mice ranges between 55-128 mg/dl, one quarter to one half that in human beings [17] . In mice, most of the total cholesterol (80-90%) of mice fed with rodent chow diet is found in HDL-C, and the small fraction not found in HDL is mostly VLDL [29] . Mice also lack an equivalent of human CETP (cholesterol ester transfer protein) [29] . Accordingly, some researchers argue that HDL-C and LDL-C are unsuitable biomarkers of lipid metabolism, and should be interpreted with care HDL-C or LDL-C measurements in mouse models of hyperlipidemia [4, 11, 21] . Serum phospholipids mirror the dietary intake of recent months and also roughly mirror the composition of the body fat [18] . Serum phospholipids and NEFA are thought to be key initiating factors in NASH pathogenesis that results in increased generation of reactive oxygen species leading to damage of biological membranes [44] . Thus, we suggest that serum phospholipids and NEFA may be markers of the obesity and NASH status.
In this study, inflammatory cell infiltration was observed in the high-fat diet groups. The overall inflammatory cell distribution shifted toward polymorphonuclear neutrophils as steatosis progressed. Also, the induction of iNOS in the liver seemed to correlate with fatty changes. The expression of iNOS is up-regulated by most inducers of obesity, hyperglycemia, and insulin resistance, including free fatty acids, endotoxins, and oxidative stress [12] . We observed a strong iNOS signal in the livers from mice fed a high-fat diet. Serum chemistry, histopathology, and iNOS distribution, in the highfat diet-induced obesity mouse seemed to indicate steatohepatitis, and iNOS was more abundant in this model.
The pathogenesis of NASH is not well established, but many studies have found that insulin resistance is a primary mediator of hepatic steatosis, the 'first hit' for the disease. The 'second hit' is steatosis sensitizing the liver to inflammation, oxidative stress, mitochondrial dysfunction, and fibrosis [1, 3, 24] . The association between obesity and NAFLD has prompted studies on the effects of diet on the development of steatosis and steatohepatitis in mouse models. An increased dietary supply of fat or carbohydrates to the liver may promote steatosis by increasing hepatic lipid uptake. In this pathway, oxidative stress appears to play a key role in the pathogenesis of NASH [10, 20] , and nitric oxide may potentiate cytotoxicity through its reaction with superoxide anion and formation of nitrotyrosine [13, 14] . The finding that an abnormal intrahepatic accumulation of nitrotyrosine is associated with the histological severity of NASH strongly suggests that NO-related oxidative injury may play a significant role in the pathogenesis of this liver disease [14] . Some studies have suggested that obese mice with severe steatosis show that liver injury is mediated by both TNF-α and IFN-γ [42, 43] . Since it has been demonstrated that proinflammatory cytokines are directly involved in the up-regulation of iNOS [22, 37] , we speculate that locally-released proinflammatory molecules could play a significant role in the pathogenesis of NASH. In this study, the serum insulin level was increased, and pancreatic beta cells were injured in the high-fat diet group. Reduced pancreatic beta cell mass and beta cell dysfunction are major factors in the pathogenesis of type 2 diabetes. Decreased beta cell proliferation and cellular senescence are found in mice with diet-induced type 2 diabetes [36] . We observed pancreatic beta cell injury and insulin resistance in the high-fat diet group in this study, too. Because steatosis and insulin resistance can cause or potentiate each other, it remains unclear as to whether steatosis or insulin resistance is the initiating step of NAFLD. Recently, it has been shown that steatosis may arise from causes unrelated to diet and then gives rise to hepatic insulin resistance [19, 30, 34] . Another study has shown that steatosis is associated with activation of NF-kB and this pathogenic role of inflammation is meaningful in the development of hepatic insulin resistance [5, 14] . NF-kB is one of the most important nuclear proteins involved in the cytokine-induced transcriptional induction of the iNOS gene in various cell types including macrophages [5, 28] . Further study is needed to elucidate whether hepatic insulin resistance is primary or secondary to steatosis, and how iNOS interact to expand hepatic lipid stores, cause hepatocellular injury and recruit inflammation. The C57BL/6 mouse given a high-fat diet is considered a good model for investigating metabolic and environmental NASH [8, 41] . This model was initially studied by Surwit et al. in 1988 [38] . C57BL/6 mice are genetically predisposed to obesity, hyperinsulinemia, and glucose intolerance with age irrespective of diet. This phenotype can be promoted and histopathologically mixed micro-and macrovacuolation (steatosis) has been observed after feeding the mice a high-fat diet over a long period of time. The reason for this seems to be spontaneous mutation in the nicotinamide nucleotide transhydrogenase gene carried by C57BL/6 mice, which induces glucose intolerance [39] . C57BL/6 mice are a useful diet-induced obesity and type II diabetes model compared to other strains [2, 16, 40] .
In conclusion, we studied steatohepatitis in mice with high-fat diet-induced obesity and investigated whether the high-fat diet-induced obesity mouse is a good model for NASH. Our present data show that iNOS is more highly expressed in high-fat-diet induced steatoheapatits. We expect that these data will be useful for research into obesity, diabetes mellitus, and non-alcoholic fatty liver disease.
